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Objective: Bidirectional superior cavopulmonary connection may be complicated by
systemic hypoxemia. Previous work has shown that hyperventilation worsens sys-
temic oxygenation in patients after bidirectional superior cavopulmonary connec-
tion. The likely mechanism is that hyperventilation-induced hypocarbia decreases
cerebral, superior vena caval, and pulmonary blood flow. The aim of the current
study was to determine whether the converse approach, hypoventilation, improves
oxygenation after bidirectional superior cavopulmonary connection.
Methods: This is a prospective, patient-controlled study of 15 patients (median age
8.0 months, range 4.7-15.5) who underwent bidirectional superior cavopulmonary
connection. Patients were studied in the intensive care unit, within 8 hours of
surgery, while sedated, paralyzed, and mechanically ventilated. To avoid acidosis
during hypoventilation, sodium bicarbonate was administered before hypoventila-
tion. Cerebral blood flow velocity was measured by transcranial Doppler sonogra-
phy of the middle cerebral artery.
Results: Hypoventilation following administration of sodium bicarbonate (pH-
buffered hypoventilation) produced hypercarbia (mean PCO2 58 mm Hg versus 42
mm Hg at baseline). During hypoventilation, there were significant increases in both
mean arterial PO2 (from 50 mm Hg at baseline to 61 mm Hg; P  .05) and mean
systemic oxygen saturation (from 86% at baseline to 90%; P .05). These increases
occurred despite accompanying, small increases in pulmonary artery pressure and
transpulmonary gradient. Hypoventilation also produced an increase in mean cere-
bral blood flow velocity (from 37 cm/s at baseline to 55 cm/s; P  .05) and a
decrease in the arteriovenous oxygen saturation difference across the upper body
(from 33% at baseline to 23%; P  .05), consistent with increased cerebral blood
flow.
Conclusions: This study demonstrates that hypoventilation improves systemic ox-
ygenation in patients after bidirectional superior cavopulmonary connection. The
likely mechanism for this effect is that hypoventilation-induced hypercarbia de-
creases cerebral vascular resistance, thus increasing cerebral, superior vena caval,
and pulmonary blood flow. Hypoventilation may be a useful clinical strategy in
patients who are hypoxemic in the early postoperative period after bidirectional
superior cavopulmonary connection.
The bidirectional superior cavopulmonary connection (BSCC) is acommonly performed operation in patients with functional singleventricles. BSCC is typically used as an intermediate stage before asubsequent Fontan procedure.1,2 BSCC provides pulmonary bloodflow by connecting the superior vena cava to the undivided pulmo-nary arteries. This connection places the cerebral and pulmonary
vascular beds in series. In patients with a BSCC, changes in cerebral blood flow
would therefore be expected to alter pulmonary blood flow.
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BSCC may be complicated by systemic hypoxemia. In
the first 48 hours after this operation, some patients have
low systemic oxygen saturations, which typically improve
by the time of hospital discharge.3-5 Young age has been
found to be a risk factor for such early postoperative hy-
poxemia.3,6 Occasionally, patients have oxygen saturations
low enough that they require augmentation of their pulmo-
nary blood flow by addition of a systemic-to-pulmonary
artery shunt.1,2,4 Postoperative hypoxemia can also contrib-
ute to patient mortality after BSCC.3,4,7
In the setting of single ventricle physiology, elevated
pulmonary vascular resistance can limit pulmonary blood
flow, with resulting hypoxemia.8 Hyperventilation de-
creases pulmonary resistance in infants after cardiac sur-
gery8 and may be routinely used after BSCC.6 However,
previous work by our group has shown that hyperventilation
actually impairs, rather than improves, systemic oxygen-
ation in patients after BSCC.9 The probable explanation for
this effect is that hyperventilation produces hypocarbia,
which increases cerebral vascular resistance and decreases
cerebral blood flow.10,11 After BSCC, decreased cerebral
flow will result in less flow through the superior vena cava,
less pulmonary blood flow, and lower systemic oxygen
levels. In support of this explanation, our previous study
also found that cerebral blood flow velocity decreased dur-
ing hyperventilation.9 The aim of the current study was to
determine whether the converse approach, hypoventilation,
improves systemic oxygenation after BSCC.
Methods
Patients
This study was approved by the Institutional Review Board of the
Medical University of South Carolina; informed consent was ob-
tained for all patients. Fifteen patients undergoing BSCC were
prospectively enrolled. Their median age was 8.0 months (range,
4.7-15.5 months) and median weight was 7.1 kg (range, 5.0-9.4
kg). Eight were boys and 7 were girls. Diagnoses were: hypoplas-
tic left heart syndrome (7 patients), tricuspid atresia (3 patients),
unbalanced atrioventricular septal defect (2 patients), pulmonary
atresia with intact septum (1 patient), double outlet right ventricle
with mitral stenosis (1 patient), and double-inlet left ventricle (1
patient). Previous operations were: Norwood procedures (10 pa-
tients) and modified Blalock-Taussig shunts (3 patients); 2 patients
were previously unoperated. Preoperative catheterization showed
pulmonary venous wedge pressure (reflecting mean pulmonary
artery pressure)  13  2 mm Hg (6 patients) and pulmonary
vascular resistance  2.1  0.9 units  m2 (7 patients).
Surgical Techniques
BSCC consisted of a hemi-Fontan procedure (9 patients)3,12-14 or
a bidirectional Glenn shunt (6 patients).1-3 All systemic-to-pulmo-
nary artery shunts and native pulmonary outflow tracts were di-
vided at the time of BSCC. Ten patients underwent concomitant
procedures: pulmonary artery patch augmentation (4 patients),
division of main pulmonary artery (2 patients), left bidirectional
Glenn shunt (2 patients), atrial septectomy (1 patient), patch clo-
sure of left atrioventricular valve (1 patient), tricuspid valvulo-
plasty (1 patient), resection of subaortic stenosis (1 patient), and
intraoperative balloon dilation of aortic coarctation (1 patient).
All operations were performed through a median sternotomy
and utilized cardiopulmonary bypass (mean 172  37 minutes).
Aortic crossclamping and myocardial cardioplegic arrest were
utilized in 11 patients (mean 51  11 minutes). Deep hypothermia
and circulatory arrest were utilized in 8 patients (mean 26  10
minutes).
Study Protocol
Patients were studied in the intensive care unit, within 8 hours of
surgery. During the study, patients were sedated (fentanyl at 20
g/kg/h infusion) and paralyzed (vecuronium at 0.1 mg/kg/h in-
fusion). All patients received either amrinone at 10 g/kg/min (10
patients) or milrinone at 0.5 to 0.75 g/kg/min (5 patients). Ten
patients also received dopamine at 2 to 10 g/kg/min. All infu-
sions were maintained at constant rates, no patient had significant
bleeding, and no blood transfusions were given during the study.
Patients were either in sinus rhythm or atrially paced at a constant
rate. Patients were mechanically ventilated with a Servo 300
ventilator (Siemens-Elema AB, Solna, Sweden) in pressure-regu-
lated volume control mode. FIO2 was set at 1.0, peak end-expira-
tory pressure (PEEP) at 0 cm H2O, and tidal volume at 14 to 18
mL/kg; ventilator rate was adjusted to achieve a normal pH and
PCO2 at baseline. Patients were maintained at normothermia (37°C)
throughout the study.
Each patient was studied at 3 consecutive time points: (1)
baseline, during normal ventilation; (2) after administration of
sodium bicarbonate (4 mEq/kg); and (3) during hypoventilation.
Hypoventilation was achieved by decreasing the ventilator rate,
while keeping constant all other ventilator settings (tidal volume,
inspiratory time, FIO2, PEEP). Blood gas measurements and he-
modynamic and transcranial Doppler determinations were ob-
tained after at least a 15-minute stabilization period at each time
point of the protocol.
Arterial blood gases were determined from samples drawn
from radial or femoral arterial catheters. Systemic oxygen satura-
tion was measured by pulse oximetry (Nellcor) and verified by
oximetry (Radiometer Medical A/S, Copenhagen). Atrial and pul-
monary artery pressures were measured via transthoracic lines
placed in the operating room. Transpulmonary gradient was de-
rived as pulmonary artery minus atrial pressure. Pulmonary artery
oxygen saturation was measured from samples drawn from pul-
monary artery lines. Cerebral blood flow velocity was measured by
transcranial Doppler sonography of the middle cerebral artery (12
patients) or the anterior cerebral artery (2 patients). An Acuson
Sequoia ultrasound device (Siemens) was placed over the temporal
window and adjusted to obtain a maximal signal from the M1
segment of the middle cerebral artery. Mean flow velocity was
determined by the Sequoia technical package.
Statistics
Results are shown as mean  SEM. Comparison of the 3 times of
the study protocol was by repeated measures ANOVA. Multiple
comparison testing was by Student-Newman-Keuls tests. Statisti-
cal significance was defined as P  .05.
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Treatment with sodium bicarbonate produced metabolic al-
kalosis; subsequent hypoventilation produced hypercarbia.
At baseline, mean bicarbonate level was 25  1 mmol/L,
pH was 7.39  0.01, and PCO2 42  2 mm Hg (Table 1).
After administration of bicarbonate (Time 2), bicarbonate
level rose to 32  1 mmol/L and pH to 7.47  0.01, while
PCO2 showed a numerically small change from baseline
(Table 1). Hypoventilation was then achieved by decreasing
the ventilator rate from a mean of 21 to 14 breaths per
minute, while keeping the tidal volume constant (Table 1).
During hypoventilation (Time 3), bicarbonate remained 31
 1 mmol/L; PCO2 rose to 58  2 mm Hg, and pH fell to
7.36  0.01 (Table 1). During hypoventilation, peak airway
pressures did not change, while mean airway pressures
decreased (Table 1).
Oxygenation
Hypoventilation resulted in significant increases in arterial
PO2 and systemic oxygen saturation. At baseline, mean
arterial PO2 was 50  2 mm Hg, and systemic oxygen
saturation was 86  2% (Figure 1). After administration of
bicarbonate (Time 2), neither PO2 nor oxygen saturation
changed significantly (Figure 1). During hypoventilation
(Time 3), mean PO2 increased to 61  2 mm Hg, and mean
systemic oxygen saturation to 90%  1% (Figure 1).
Hemodynamics
Hypoventilation resulted in small but significant increases
in pulmonary artery pressure and transpulmonary gradient
(Figure 2). After administration of bicarbonate, atrial pres-
sure, pulmonary artery pressure, and mean blood pressure
increased slightly, although none of these changes was
significant (Figure 2, Table 2). During hypoventilation,
mean pulmonary artery pressure increased (from 14  1 to
15  1 mm Hg; P  .05), while atrial pressure did not
change significantly (Figure 2). Transpulmonary gradient
(pulmonary artery minus atrial pressure) therefore increased
(from 6  1 to 8  1 mm Hg, P  .05; Figure 2). Mean
blood pressure decreased slightly during hypoventilation
(Table 2). Mean heart rate did not change during the study
(Table 2).
Cerebral Blood Flow Indicators
Hypoventilation also resulted in a significant increase in
cerebral blood flow velocity. Mean cerebral blood flow
velocity was 37  3 cm/s at baseline, rose somewhat after
administration of bicarbonate, and increased to 55 5 cm/s
during hypoventilation (Figure 3). Arteriovenous oxygen
saturation difference across the upper body was derived as
the systemic minus the pulmonary artery (superior vena
caval) oxygen saturation. Upper body arteriovenous oxygen
saturation difference was 33%  2% at baseline, fell








pH 7.39 0.01 7.47 0.01* 7.36 0.01†
PCO2 (mm Hg) 42 2 45 2* 58 2†
Bicarbonate (mmol/L) 25 1 32 1* 31 1*
Sodium (mEq/L) 146 1 151 1* 151 1*
Rate (breaths/min) 21 1 21 1 14 1†
Tidal volume (mL) 108 5 108 5 108 5
Airway pressure (cm H2O)
Peak 24 1 25 1 25 1
Mean 6.0 0.4 5.9 0.4 3.9 0.3†
*P  .05 versus baseline (Time 1; ANOVA).
†P  .05 versus baseline and metabolic alkalosis (Times 1 and 2; ANOVA).
Figure 1. A, Arterial PO2 after BSCC. B, Systemic oxygen satura-
tion after BSCC. Values are mean  SEM. *P < .05 versus
baseline and metabolic alkalosis (Times 1 and 2; ANOVA).
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slightly after administration of bicarbonate, and decreased
to 23%  1% during hypoventilation (P  .05; Figure 4).
Discussion
This study shows that hypoventilation improves systemic
oxygenation after BSCC. In our study patients, hypoventi-
lation resulted in significant increases in both arterial PO2
and systemic oxygen saturation. These increases occurred
despite small increases in pulmonary artery pressure and
transpulmonary gradient. These results complement those
of our previous study on the effects of hyperventilation in
patients following BSCC.9 In that study, hyperventilation
produced the opposite effect, a significant decrease in sys-
temic oxygenation.9
Although many patients have adequate oxygenation after
BSCC, some have clinically important hypoxemia. Several
groups have examined risk factors for early postoperative
hypoxemia after BSCC. Bradley and colleagues3 found that
among patients younger than 6.5 months of age at BSCC,
those under 4 months of age had lower oxygen saturations
for the first 48 hours after surgery. Slavik and colleagues5
observed oxygen saturations below 70% for the first day
after surgery in 3 of 4 patients under 2 months of age at
BSCC. Both groups noted resolution of hypoxemia by the
time of hospital discharge.3,5 Aeba and coworkers6 found
that age less than 8 months and greater preoperative ven-
tricular volume load were associated with a lower oxygen
saturation in the first 48 hours after BSCC. Bridges and
associates1 found that higher preoperative pulmonary artery
pressure and pulmonary vascular resistance were associated
with a postoperative oxygen saturation below 75%. Postop-
erative hypoxemia can contribute to patient mortality fol-
lowing BSCC, particularly in patients below roughly 6
months of age.3,4,7 Thus hypoxemia can be a clinically
significant issue early after BSCC.
One approach to hypoxemia after BSCC is the addition
of an accessory source of pulmonary blood flow, such as a
Figure 2. Hemodynamic values after BSCC. PAP, pulmonary ar-
tery pressure; TPG, transpulmonary gradient; At.P, atrial pressure.
Values are mean  SEM. *P < .05 for PAP and TPG versus
baseline and metabolic alkalosis (Times 1 and 2; ANOVA).








Heart rate (beats/min) 134 3 137 3 137 4
Blood pressure (mm Hg)
Mean 70 3 74 3 65 2†
Systolic 96 3 102 3* 92 4
Diastolic 56 2 56 2 50 2†
*P  0.05 versus baseline and hypoventilation (Times 1 and 3; ANOVA).
†P 0.05 versus baseline and metabolic alkalosis (Times 1 and 2; ANOVA).
Figure 3. Mean cerebral blood flow velocity after BSCC. Values
are mean  SEM. †P < .05 versus baseline (Time 1; ANOVA); *P
< .05 versus baseline and metabolic alkalosis (Times 1 and 2;
ANOVA).
Figure 4. Upper body arteriovenous (systemic minus pulmonary
artery) oxygen saturation difference after BSCC. Values are mean
 SEM. *P < .05 versus baseline and metabolic alkalosis (Times
1 and 2; ANOVA).
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systemic-to-pulmonary artery shunt.1,2,4 Patients with a
BSCC and an accessory source of pulmonary flow (“pulsa-
tile bidirectional Glenn”) have higher systemic oxygen sat-
urations than those without accessory flow.15,16 However,
they also have higher pressure in the superior vena cava15,16
and increased incidences of pleural effusion and chylotho-
rax.15-17 They also may have higher mortality in both the
short term16 and long term.17 There is thus a need for
alternative approaches in patients with hypoxemia early
after BSCC. Because hypoxemia resolves over a period of
days in many such patients,3,5 ventilatory strategies such as
hypoventilation may be particularly useful.
An explanation for the increased oxygen levels seen
during hypoventilation in this study involves an associated
rise in cerebral blood flow. Hypoventilation produces hy-
percarbia (Table 1). Elevation of PCO2 to the levels seen in
this study is known to decrease cerebral vascular resistance
and increase cerebral blood flow.10 After BSCC, increased
cerebral flow would result in more flow through the superior
vena cava, more pulmonary blood flow, and higher systemic
oxygen levels. This explanation is supported by the changes
observed in 2 indicators of cerebral blood flow: blood flow
velocity in the middle cerebral artery and arteriovenous
oxygen saturation difference across the upper body. Both
indicated that cerebral flow increased during hypoventila-
tion.
Several considerations suggest that middle cerebral ar-
tery flow velocity can serve as an indicator of cerebral blood
flow. Changes in mean flow velocity indicate changes in
flow through a vessel as long as the vessel diameter remains
constant. In an angiographic study of patients ranging in age
from 0 to 70 years, the diameter of the large cerebral
arteries, such as the middle cerebral artery, remained con-
stant as arterial PCO2 increased from 40 to 57 mm Hg.18
During hypothermic cardiopulmonary bypass in children,
the diameter of the middle cerebral artery has also been
shown to remain constant over a wide range of temperature,
blood pressure, and pump flow.19 Furthermore, changes in
middle cerebral artery flow velocity have been found to
correlate with changes in cerebral flow, when measured by
internal carotid artery flow volume,20 the Kety-Schmidt
method,21 and Xenon washout techniques.22-24 In particular,
correlation with Xenon washout has been found during
hypercarbia,22 as well as during and after hypothermic
cardiopulmonary bypass using both pH-stat and alpha-stat
acid-base management.24 Thus cerebral flow velocity may
serve as an indicator of cerebral blood flow under a variety
of conditions.
In the current study, flow velocity in the middle cerebral
artery (12 patients), or the anterior cerebral artery (2 pa-
tients), was measured by transcranial Doppler sonography.
Mean flow velocity increased significantly during hypoven-
tilation (Figure 3). The flow velocities measured were sim-
ilar to those in a previous study of children after cardiopul-
monary bypass.25 The flow velocity changes were also
similar (in both size and direction) to those seen during
hypoventilation in normal subjects,26 as well as in children
after cardiopulmonary bypass.11 Thus our cerebral flow
velocity findings are in line with those of previous studies
and suggest that cerebral blood flow increased during hy-
poventilation in our patients.
The second indicator of cerebral blood flow that we
examined was the arteriovenous oxygen saturation differ-
ence across the upper body. By the Fick principle, in the
face of constant oxygen consumption, an increase in blood
flow should produce a decrease in arteriovenous oxygen
saturation difference. During hypoventilation in our pa-
tients, this difference decreased significantly (Figure 4).
This finding is consistent with an increase in cerebral (and
therefore upper body) blood flow during hypoventilation.
Other factors may have also contributed to increased
oxygen levels during hypoventilation. Decreased mean air-
way pressure during hypoventilation (Table 1) could have
lowered pulmonary vascular resistance, thereby increasing
pulmonary blood flow and systemic oxygenation. Although
the increases in mean pulmonary artery pressure and
transpulmonary gradient observed during hypoventilation
(Figure 2) suggested increased pulmonary flow, they were
not consistent with a primary role of decreased pulmonary
resistance. Nonetheless, the effects of decreased airway
pressure may have added to the effect of hypercarbia on
cerebral blood flow. It is also possible that cardiac output
increased during hypoventilation, for at least 2 reasons.
First, decreased mean airway pressure and intrathoracic
pressure could have increased venous return. Second, hy-
percarbia is known to cause systemic vasodilation and
therefore decreased ventricular afterload.27 The decreases in
diastolic and mean systemic blood pressure observed during
hypoventilation (Table 2) are consistent with vasodilation.
Increased cardiac output could have increased not only
upper body and pulmonary blood flow but also lower body
flow and oxygen saturation in the inferior vena cava. In-
creased inferior vena cava oxygen saturation will increase
systemic oxygenation in patients with right-to-left intracar-
diac shunting, as occurs after BSCC. We did not measure
either cardiac output or inferior vena cava oxygen satura-
tion, which are limitations of the study.
In the current study, we wished to avoid the potential
negative effects of acidosis during hypoventilation. De-
creased pH is known to increase pulmonary resistance in
both children and adults after cardiopulmonary bypass.28,29
In a patient following BSCC, an increase in pulmonary
resistance might decrease pulmonary blood flow and sys-
temic oxygen levels and increase pressure in the superior
vena cava. Beyond its effect on pulmonary resistance, aci-
dosis has a number of other physiologic effects that would
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also be undesirable in an infant early after cardiac surgery.
These include hyperkalemia and decreased myocardial
-adrenergic receptor affinity.30,31 A strategy of adminis-
tering sodium bicarbonate before hypoventilation (pH-buff-
ered hypoventilation) was successful in producing hyper-
carbia without an important fall in pH (Table 1). This
strategy has been previously used to produce hypercarbia in
a study of pulmonary resistance in infants after cardiac
surgery.8,28 Hypercarbia may also have positive effects in
patients other than those undergoing BSCC. For example,
hypercarbia produced by adding carbon dioxide to the in-
spired gas mixture (“inspired CO2”) has been shown to
improve systemic oxygen delivery in neonates with hypo-
plastic left heart syndrome, both before and after the Nor-
wood procedure.32,33 By avoiding the potential negative
effects of decreased pH, a strategy of bicarbonate plus
hypoventilation (pH-buffered hypoventilation) may be a
clinically useful approach in a variety of patients.
During metabolic alkalosis (Time 2), we observed
changes consistent with increased cerebral and pulmonary
blood flow, namely increases in cerebral blood flow velocity
and systemic oxygen saturation, and a decrease in arterio-
venous oxygen saturation difference across the upper body
(Figures 1B, 3, 4). All of these changes were numerically
small, with only the cerebral flow velocity achieving statis-
tical significance. A small decrease in PO2 (also not signif-
icant, Figure 1A) may have been due to alkalosis causing a
leftward shift of the oxyhemoglobin dissociation curve,
resulting in a lower PO2 for any given oxygen saturation.
During metabolic alkalosis, increased pH may have lowered
pulmonary resistance, or the small increase in PCO2 (Table
1) may have lowered cerebral resistance. However, the
small magnitude of the changes prevents any firm conclu-
sions on the effects of metabolic alkalosis in patients after
BSCC.
The design of the current study has several strengths. It
was prospectively conducted, and each patient served as his
or her own control. Many respiratory and cardiac variables
were controlled, so as to isolate the effects of metabolic
alkalosis and hypoventilation. The study patients were se-
dated, paralyzed, and maintained at normothermia, to elim-
inate spontaneous respiration and to minimize responses to
stimulation and changes in oxygen consumption. No patient
had significant bleeding or received blood transfusion dur-
ing the study, and inotropes were infused at constant rates.
FIO2 was set at 100% to overcome effects of ventilation-
perfusion mismatch. Finally, the BSCC provided the only
source of pulmonary flow in all study patients. This isolated
the effects of hypoventilation on the BSCC without any
confounding effects of additional sources of pulmonary
flow.
This study also has several limitations. As noted above,
in these infants early after cardiac surgery, cardiac output
and cerebral and pulmonary blood flow were not directly
measured. The effects of hypoventilation were examined
over a short time period; the duration of the hypoventila-
tion-induced increase in oxygenation remains unknown.
The study design did not allow us to eliminate the possibil-
ity that some of the changes observed at Time 3 were due to
the effects of sodium bicarbonate at a later time. Finally,
some of the patients in this study underwent operations
utilizing aortic crossclamping (in 11/15) or deep hypother-
mic circulatory arrest (in 8/15). Although these are widely
used techniques for BSCC, in particular the hemi-Fontan
procedure,3,12-14 our results may not necessarily extend to
patients operated under different conditions.
The results of this study extend those of our previous
study on the effects of hyperventilation in patients following
BSCC.9 In that study, hyperventilation produced significant
decreases in arterial PO2, systemic oxygen saturation, and
mean cerebral blood flow velocity. The hypocarbia pro-
duced by hyperventilation likely causes increased cerebral
vascular resistance, decreased cerebral and pulmonary
blood flow, and decreased systemic oxygenation.9 The re-
sults of that study suggested that hyperventilation should be
avoided in patients following BSCC.
The current study demonstrates that hypoventilation im-
proves systemic oxygenation after BSCC. Although many
patients have adequate oxygenation after BSCC, some will
have clinically important hypoxemia.1,3-5 This can be a
particular problem in young patients, early after surgery.3-5
Because the BSCC places the cerebral and pulmonary vas-
cular beds in series, it is possible that decreased cerebral
blood flow might contribute to postoperative hypoxemia in
some patients. This possibility requires further study. The
current study utilized an approach of sodium bicarbonate
administration before hypoventilation to produce hypercar-
bia without accompanying acidosis (pH-buffered hypoven-
tilation). This may be a useful clinical strategy in patients
who are hypoxemic in the early postoperative period fol-
lowing BSCC.
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